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Outline

Astrophysical framework: BH and galaxy 
connections

Description of the Tool

Modeling the AGN lightcurve (Marulli, Bonoli et al. 2008)

Work in progress...
New models for BH accretion 

AGN clustering



Astrophysical Framework: BH-Ubiquity

Evidences:

Active Galactic Nuclei

Dynamics of the surrounding objects 

“SMBHs are ubiquitous at the center of all Spheroids”

Radius of influence: ri =
GMBH

σ
≈ 10.8pc

(
MBH

108M"

)(
σ

200km/s

)−2



Astrophysical Framework: BH-Ubiquity

Sgr A*

Ghez et al.

http://www.astro.ucla.edu/~ghezgroup/gc/pictures/index.shtml

MBH ≈ 4×106M#



Astrophysical Framework: A tight friendship

- The BH mass is connected to some physical properties of 
the host galaxy Scaling relations:

~ MBH-LBulge (Kormendy & Richstone 1995)

~ MBH-MBulge (Magorrian et al. 1998)

~ MBH-Sigma (Ferrarese & Merritt 2000, Gebhardt et al. 2000)

~ MBH-MDM (Ferrarese 2002)

.....

~ BH Fundamental Plane (Hopkins et al 2007)

BHs and their hosts must have formed from the same processes 
and/or

 they influence each other during their evolution



Astrophysical Framework: A tight friendship

Procceses that form spheroids and BHs, also trigger
 AGN activity

- Nearly all mass in BHs has been accumulated during periods 
of bright AGN activity (Soltan 1982, Yu & Tremaine 2002, Merloni & Heinz 2008, ...)



Astrophysical Framework: Primordial BHs

A friendship that started long ago...

Powerful quasars found at z > 6 with SDSS (Fan et al. 2000+)

- Powered by BHs with  M > 10^9 MSUN

Massive BHs already in place at high z

Where do massive BHs come from?

Seed BHs from PopIII stars
Direct collapse of 

low-angular momentum gas

MBH ~  10^(2-3) MSUN MBH ~ 10^5MSUN

(e.g., Volonteri, Madau...) (e.g., Koushiappas et al, ...)



The Goal

Study in a cosmological context:

- The main physical processes responsible for triggering the 
growth of BHs and AGN activity

- How the BH population is connected to the environment

Our tool:
!
- Post-processing of the Millennium Simulation 
(aka “Semi-analytical model” or “Hybrid simulation”)



z

The Tool  

Analytical models for the 
evolution of the baryons

DM merger trees from 
the Millennium Simulation



z

The Tool  

Analytical models for the 
evolution of the baryons

DM merger trees from 
the Millennium Simulation

! DM particles
!         particle mass
!     box
WMAP 1 & 2dFGRS cosmology
! !       Springel et al (2005)

≈ 1010

8.6×108h−1M#
500h−1Mpc

Croton et al. 2006
DeLucia & Blaizot  2007

• Fix a cosmic baryon fraction

• Gas infall and cooling

• Star Formation (Chabrier IMF)
- Metals
- SNe feedback
- Recycled gas

• Disk instability

• Galaxy mergers

• BH growth  

• AGN heating



The life of a BH

1. When galaxies are formed, we put a BH seed  

2. During mergers, the mass of the final BH is the sum of 
the mass of the progenitors

3. “Quasar mode” - During mergers, the final BH accretes 
a fraction of the cold gas of the host galaxy

          

4. “Radio mode” - the BH accretes hot gas when a static 
hot halo has formed around the host galaxy

∆mBH =
fBHmcold

1+(280Kms−1/Vvir)2

ṁBH ∝ mBH fhotV 3
vir

(Kauffmann & Haehnelt 2000)

(Croton et al. 2006)

(1.e3 MSun)



First Tests Mass function 
and 

mass-density evolution



First Tests Mass function 
and 

mass-density evolution



First results

Scaling relations

Text

Our model
Observations

Marconi et al 2004

Ferrarese & Ford 2005 Haring & Rix 2004

First Tests Scaling relations at z=0

Our model
Observations



First results

Scaling relations

Text

Our model
Observations

Marconi et al 2004

Ferrarese & Ford 2005 Haring & Rix 2004

First Tests Scaling relations at z=0

Our model
Observations

(Vc=Vmax) Our model (Vc=1.8 Vvir)

(Vc-Sigma from Baes et al. 2003)



Modeling the AGN lightcurve

LBol =
ε

(1− ε)
ṀBHc2

LBol = fEdd×LEdd

ṀBH =
(1− ε)

εc2 fEddLEdd

MBH(t) = MBH(t0)e
1−ε

ε
t

tEdd
fEdd

LBol(t) = fEdd×LEdd(M(t))

ε = 0.1
tEdd = 0.45Gyr

tacc =
ε

1− ε
tEdd

fEdd
ln

(
1+

∆M
MBH(t0)

)

LEdd =
4πGmpc

σT
MBH ≈ 1.3×1038

(
MBH

M#

)
erg/s

Mass-dependent AGN lifetimes 
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Modeling the AGN lightcurve

Mod I 
Eddington-limited accretion

fedd=1

fedd

L(t)

M(t)



Modeling the AGN lightcurve
L72 HOPKINS ET AL. Vol. 625

Fig. 1.—Projected gas density is shown in boxes 140 kpc on a side, color-
coded by temperature (blue to red, upper panels). The bolometric luminosity
of the central black hole(s) is shown in the lower panel, with diamonds marking
the times shown above. Bolometric luminosities prior to the merger are the
sum of the two individual black hole luminosities.

2. THE SIMULATION

We employ a new version of the parallel TreeSPH code
GADGET (Springe et al. 2001), which uses an entropy-conserving
formulation of smoothed particle hydrodynamics (SPH; Springel
&Hernquist 2002) and includes a subresolution,multiphasemodel
of the dense interstellar medium (ISM) to describe star formation
(Springel & Hernquist 2003). The multiphase gas is pressurized
by feedback from supernovae, allowing us to stably evolve even
pure gas disks (see, e.g., Robertson et al. 2004). SMBHs are
represented by “sink” particles that accrete gas, with an accretion
rate estimated using a Bondi-Hoyle-Lyttleton parameterization,Ṁ
with an upper limit equal to the Eddington rate (Springel et al.
2005). The bolometric luminosity of the SMBH is then L pbol

, where is the radiative efficiency. We further allow2˙eMc e p 0.1
a small fraction (5%) of to couple dynamically to the gas asL bol
thermal energy. This fraction is a free parameter, determined in
Di Matteo et al. (2005) by fitting the -j relation. We do notMBH

attempt to resolve the gas distribution immediately around the
black hole but instead assume that the time-averaged accretion
can be estimated from the gas on the scale of our spatial resolution.
We generate two stable, isolated disk galaxies, each with an

extended dark matter halo having a Hernquist (1990) profile,
an exponential disk, and a bulge. Our simulation is one of the
series described in detail in Springel et al. (2005), with virial
velocity km s!1, a fiducial choice with a rotationV p 160vir

curve and mass similar to the Milky Way. We begin our sim-
ulation with pure gas disks, which may correspond to the high-
redshift galaxies in which most quasars are observed. Each

galaxy is initially composed of 168,000 dark matter halo par-
ticles, 8000 bulge particles, 24,000 gaseous disk particles, and
one BH particle, with a small initial seed mass of . For510 M,

these choices, the dark matter, gas, and star particles are all of
roughly equal mass. The galaxies are then set to collide in a
pure prograde encounter with zero orbital energy and a peri-
center separation of 7.1 kpc.

3. COLUMN DENSITIES AND QUASAR ATTENUATION

We calculate the column density between a black hole and
a hypothetical observer as follows. We first generate ∼1000
radial lines of sight (rays), each with its origin at the black
hole and directions uniformly spaced in solid angle. For each
ray, we begin at the origin, calculate and record the local gas
properties using GADGET, and then move a distance along the
ray , where and is the local SPH smooth-Dr p hh h ≤ 1 hsml sml

ing length. This process is repeated until a ray is sufficiently
far from its origin (!100 kpc). The gas properties along a
given ray can then be integrated to give the line-of-sight column
density and metallicity. We test different values of h and find
that gas properties along a ray converge rapidly and change
smoothly for . We similarly test different numbers ofh ≤ 0.5
rays and find that the distribution of line-of-sight properties
converges for !100 rays.
Given the local gas properties, we use the multiphase struc-

ture of the ISM described in Springel & Hernquist (2003) to
calculate the mass fraction in “hot” (diffuse) and “cold” (mo-
lecular and H i cloud) phases of dense gas, and, assuming
pressure equilibrium, we obtain the densities of the two phases
and their corresponding volume filling factors. Using only the
hot-phase gas allows us to place a lower limit on the column
density along a particular line of sight, as it assumes a ray
passes only through the diffuse ISM, with !90% of the mass
of the dense ISM concentrated in cold “clumps.” Given the
small volume filling factor (!0.01) and cross section of cold
clouds, we expect the majority of sight lines to pass only
through the hot phase, with rare outliers dominated by single
clouds along the line of sight (covering fraction "1%).
Using , we model the intrinsic quasar continuum2˙L p eMcbol

spectral energy distribution following Marconi et al. (2004),
based on optical through hard X-ray observations (e.g., Elvis
et al. 1994; George et al. 1998; Vanden Berk et al. 2001; Perola
et al. 2002; Telfer et al. 2002; Ueda et al. 2003; Vignali et al.
2003). This gives a B-band luminosity log (L ) p 0.80!B

, where2 30.067L " 0.017L ! 0.0023L L p log (L /L )!bol ,

, and we take . We then adopt a gas-to-dust˚12 l p 4400 AB

ratio to determine the extinction wavelength. Observations sug-
gest that the majority of quasars have reddening curves similar
to that of the Small Magellenic Cloud (SMC; Hopkins et al.
2004), which has a gas-to-dust ratio lower than the Milky Way
by approximately the same factor as its metallicity (Bouchet
et al. 1985). We consider both gas-to-dust ratios equal to that
of the Milky Way, cm2, and scaled!22(A /N ) p 8.47# 10B H MW

by metallicity, . For both casesA /N p (Z/0.02)(A /N )B H B H MW

we use the SMC-like reddening curve of Pei (1992).

4. RESULTS

Figure 1 shows the gas at four representative times during the
run, with the bolometric luminosity of the SMBH as a function
of time below. After the first passage (upper left), there is an
extended period of strong accretion, but central gas densities are
very large and the intrinsic SMBH luminosity is attenuated well
below our quasar threshold of ( ).11L ≥ 10 L M " !23B, obs , B

Hopkins et al. 2005
From hydrodynamical 
simulations of galaxy mergers 

phase of bright activity 
followed by quiescent phase

α =−0.95+0.32log
Lpeak

1012L"

dt
dlnL

= |α| t9
(

L
109L!

)α



Mod II 
2-phase accretion:

1. Eddington limited

2. Long quiescent phase (Hopkins et al. 05)

fedd

L(t)

M(t)
α =−0.95+0.32log

Lpeak

1012L"

Lpeak = LEdd(M +F ∆M)Lpeak = LEdd(M +F ∆M)

α =−0.95+0.32log
Lpeak

1012L"

dt
dlnL

= |α| t9
(

L
109L!

)α

Modeling the AGN lightcurve



Evolution of the AGN bolometric 
luminosity function

Mod I ‘Edd limit’
 Mod II ‘Hopkins’

Modeling the AGN lightcurve

MBMB MB



Distribution of fEdd for Mod II

Modeling the AGN lightcurve

1.e6 MSUN < MBH < 1.e7 MSUN

1.e7 MSUN < MBH < 1.e8 MSUN

MBH > 1.e8 MSUN
See, e.g, Heckman et al. 2004



First Summary

We tested a model in which BHs-growth and AGN activity are 
triggered by galaxy mergers

We tested different theoretical models for the AGN 
lightcurve

The BH population at z=0 is well-sampled, except:
- The BH mass density is too low
- We lack luminous AGN at high-z

We ruled out AGN lifetimes that do not depend on 
the BH-mass

Marulli, Bonoli et al. 2008, MNRAS 385, 1846



New Models

1. Simply accrete more cold gas during mergers

2. The amount of cold gas accreted during mergers 
depends on the redshift of the merger 
“Dynamic model” (Croton 2006)

3. Accretion of cold gas also during disk instabilities

∆mBH =
fBHmcold

1+(280Kms−1/Vvir)2(1+ z)

∆mBH =
fBHmcold

1+(280Kms−1/Vvir)2

Condition for instability (Mo, Mao & White ‘98):

VC

(GMdisk/rdisk)1/2 ≤ 1 ∆mBH =
fdiskmcold

1+(280Kms−1/Vvir)2
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Mass function 
and 

mass-density evolution

New Models

Original Model
Dynamic model
Disk Instability

___ Original Model
........ Dynamic model
- - -Disk Instability



Evolution of the mass function

New Models

Original Model
Dynamic model
Disk Instability



The AGN bolometric luminosity function 

With Mod I - Eddington-limited model

New Models

Original Model I
Dynamic model I
Disk Instability I

MB MB MB



The AGN bolometric luminosity function 

With Mod II - Hopkins model

New Models

MB

Original Model
Dynamic model
Disk Instability

Original Model II
Dynamic model II
Disk Instability II

MB MB



What can we do with those models?

Work in progress...

 Look at host galaxy properties (e.g., mass, colors...) and 
study their redshift evolution



Evolution of MBH/MBulge

___ Original Model
........ Dynamic model
- - -Disk Instability

___ Treu et al.2007
      Peng et al. 2006

Γ(z) =
MBH/MBulge(z)

MBH/MBulge(z = 0)

Work in progress...



What can we do with those models?

Work in progress...

 Look at host galaxy properties (e.g., mass, colors...) and 
study their redshift evolution

 Study the clustering properties of our AGN sample



Masses of DM halos hosting AGNs 
for “Dynamic model”

Mod I 
‘Edd limit’

Mod II 
‘Hopkins’

1.e9 < Lbol < 3.5e10    Lbol > 3.5e10  

z=0.1

z=0.1

z=1

z=1

z=5

z=5

Work in progress...



Correlation length r0

Mod I 
‘Edd limit’

Mod II 
‘Hopkins’

ξ(r) =
(

r
r0

)−γWork in progress...

 



Comparison with optical 
observations - an example

ξ(r)

Porciani et al. 2004
Our Quasars

Work in progress...

r [Mpc/h]

“Observable fraction” and 
Bolometric correction from 
Hopkins et al 2007

From 2QZ 14000 Quasars
0.8 < z < 2.1
Mbj = -22.5



Summary

We tested a model in which BH-growth and AGN activity are triggered by 
galaxy mergers: 
! - We found good agreement with local scaling relations, but the existing model  
! ! needed to be modified to accrete more mass, in particular at high-z.

We tested different theoretical models for the AGN lightcurve:
          - We ruled out lightcurve models that do not depend on BH mass.
! ! - We found that a model based on Hopkins et al. 2005 gives a better 
! ! ! description of the faint end of the AGN luminosity function.

We tested new models for BH accretion, including a model with disk instability.
We are now studying in detail the properties of the host galaxy and the clustering 
properties of our simulated AGNs


